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Determinants of Trade with Solar Energy Technology Components
Evidence on the Porter Hypothesis?
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Introduction
Clean energy technologies play an important role in the nexus between economic development and sustainable energy system transformation. Consequently, the diffusion and transfer of climate friendly energy technologies are decisive topics in international climate negotiations (UNFCCC, 2007 (UNFCCC, , 2009 . The current and expected development of the global renewable energy market is monitored in numerous studies (EREC and Greenpeace, 2007; IEA, 2009 IEA, , 2010b . In this context, solar energy is identified as a crucial piece of the future energy mix, with, consequently, large growth potential for solar energy technologies.
However, these studies either investigate added capacity or investments into renewable energy projects in order to describe growth, structure and development of an increasingly dynamic market (REN21, 2009; UNCTAD, 2010; UNEP, 2010) . The role of the cross border trade of technology components in this context is largely neglected by academia and policy even though international trade in general is identified as a decisive channel for technological change (Grossman and Helpman, 1990; Vollebergh and Kemfert, 2005; Young, 1991 The academic literature evaluates whether or not the introduction of environmental regulation increases the use and availability of environmental technologies (Dechezleprêtre et al., 2011; Jaffe et al., 2002; Jaffe and Stavins, 1995) . Yet, literature addressing the question of which policy instruments foster the international diffusion of environmental technologies via trade remains limited. In this context, empirical studies of the different versions of the Porter hypothesis are of interest. The Porter hypothesis argues that environmental regulation positively affects innovation and comparative advantage in the world market (Porter and van der Linde, 1995) . However, with the exception of Constantini and Crespi (2008) studies of trade in specific renewable energy technologies and the effect of regulatory policies on trade are rare.
Focusing the analysis to exports of SETC from OECD countries to the world using a uniquely constructed dataset, this paper closes the gap and contributes to the literature by testing two hypotheses:
(1) Based on the Porter hypothesis, countries with a strong renewable energy policy have an export advantage in the global market versus countries with weak or nonexistent policies.
(2) Receiving countries with a regulatory framework supporting renewable energies and with low trade barriers will have more clean technology imports than countries without supportive frameworks and with higher trade barriers.
Using a gravity model of trade, the study is conducted using a Poisson Pseudo Maximum Likelihood (PPML) estimator, as proposed by Santos Silva and Tenreyo (2006) . This approach uses the full information given by the panel data structure, in contrast to ordinary least squares estimation applied in earlier trade research, as both zero trade flows and heteroscedasticity are taken into account.
The remainder of this paper is structured as follows. Section 2 integrates this paper into the current academic and empirical literature on environmental regulation, innovation and trade. Section 3 describes the empirical model and estimation method. Data and descriptive statistics are outlined in Section 4. Section 5 presents and discusses estimation results. Section 6 concludes.
Regulation, innovation and trade -a literature overview
The interaction between trade flows and environmental regulation has become prominent in research since the late 1970s. Focusing on energy intensive industries, the driving question was whether environmental regulation reduces or increases a country's competitiveness (Galeotti and Kemfert, 2004) . The pollution haven and the Porter hypothesis are widely discussed ideas in this respect.
According to the pollution haven hypothesis, countries with relatively strict environmental standards experience decreasing exports as industries that face greater regulatory standards and thus higher production costs shift production to countries with relatively loose environmental regulation or become less competitive and lose market share (Copeland, 2003) .
The rather static view of the pollution haven hypothesis is challenged by earlier work of Porter and van der Linde (1995) on basis of a dynamic competitiveness approach. The strong version of the Porter hypothesis argues that environmental regulation induces costsaving innovations that compensate compliance costs and thus positively affects the dynamic behavior of an economy. Jaffe et. al (1995) offers two other variants of the hypothesis: a weaker and more narrow interpretation. The weaker version of the Porter hypothesis argues that environmental regulation will only stimulate certain innovations leaving ambiguous effects on comparative advantages and society.
2 Following these versions of the Porter hypothesis, the empirical literature can be differentiated into two branches.
2 The narrow interpretation of the Porter hypothesis, offered by Jaffe et. al (1995) , which asserts that flexible, market oriented, environmental policy instruments give greater incentives to innovate than prescriptive regulations, is not relevant in this particular study and is omitted from further discussion.
The first, analyzing either the pollution haven or the strong version of the Porter hypotheses, estimates the impact of environmental regulation on industry and country performance measures such as firm productivity or total trade volumes. Studies in this context have ambiguous results with respect to both hypotheses. Therefore, there is no clear empirical evidence of whether regulatory costs for firms are too high to negatively affect competitiveness. Neither is it clear whether environmental regulation induces innovation that compensates for the cost of regulatory compliance (Antweiler et al., 2001; Grether and de Melo, 2003; Harris et al., 2002; Jug and Mirza, 2005) .
The second branch, empirical studies testing the weak version of the Porter hypothesis, estimates regulatory impacts on innovation measured by patent applications, R&D investment and capital investments in new technologies. Jaffe and Palmer (1997) suggest a weak, but positive, link between pollution abatement costs as a proxy for environmental regulation strictness and total R&D expenditure for the U.S. manufacturing industry. While they do not establish a significant relationship between regulation and patent application, Popp (2006) (Krugman, 1979; Wang et al., 2010) . In theory, R&D or knowledge accumulation should positively affect bilateral trade between countries (Grossman and Helpman, 1993 (Anderson and van Wincoop, 2003; Anderson, 1979; Bergstrand, 1985; 1989; Feenstra et al., 2001; Jug and Mirza, 2005) .
The general stochastic formulation of the gravity model (1) describes trade flows (X) from exporting country i to destination country j at time t as a function proportional to economic masses (Y) and inversely proportional to their distances (D):
(1)
The parameters β 0 , β 1 , β 2 , β 3 are unknown and the error term (η ijt ) is assumed to be independent of the regressors. Recent trade studies apply the gravity model to panel data as it allows the recognition of the development of variables over time. Furthermore, the panel context allows for controlling the heterogeneity among countries and temporal effects by means of country and year fixed effects. In this context, the role of bilateral trade costs is addressed repeatedly (Anderson and van Wincoop, 2003; McCallum, 1995 (Egger, 2000; Egger and Pfaffermayr, 2003; Matyas, 1998; Ruiz and Vilarrubia, 2008) . Under the assumption of homoscedasticity, applied empirical trade studies transform the model into logs establishing a linear relationship estimated with simple fixed effect ordinary least squares (OLS) that conveniently allows for interpretation in percentage changes.
Consequently, the log-linear model reads as follows:
Analyzing the export dynamics of renewable energy technologies Constantini and Crespi (2008) apply a similar estimation framework. They find that countries with stringent environmental standards and higher innovation capacity export more environmental friendly energy technologies.
However, both the empirical and theoretical literature on the implementation of the gravity model shows several shortcomings in using OLS estimation that affect consistency.
The first problem, outlined by Santos Silva and Tenreyro (2006) , is that the crucial assumption of homoscedasticity is unrealistic in trade data. Thus, applying traditional estimation techniques in log linearized form renders inconsistent estimates.
A second problem is the prevalence of zero bilateral trade flows. Most studies using OLS estimation disregard zero trade flows between countries, as in a log-linearized model only positive trade flows are used for estimation. However, zero trade flows are quite common and might not occur randomly but rather as the result of a selection procedure.
Thus, dropping zeros from the dataset for OLS estimation results in biased estimates as information on the extensive margin, explaining whether or not countries trade, is excluded (Frankel, 1997; Helpman et al., 2008) . SETC are defined in this study as investment goods and associated products required in both solar thermal and solar photovoltaic energy systems. In an effort to identify goods for liberalization in the WTO framework, a classification with respect to environmental and energy technology goods, including renewable energy technology goods, within the Harmonized System (HS) codes is defined (OECD and Eurostat, 1999; UNCTAD, 1995) .
Consequently, using the technology differentiation by Steenblik (2005a , b, 2006a ) and Wind (2008 , a product group based on 6-digit HS 1996 codes (Appendix 2) is constructed using 3 Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany, Greece, Ireland, Italy, Japan, Korea, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, the United Kingdom and the United States the UNCTAD COMTRADE database. This approach of using HS-codes is successfully implemented in other descriptive and empirical studies focusing on climate change mitigation technologies (Costantini and Crespi, 2008; Hamwey, 2005; UNCTAD, 2003) .
Although it might be controversial to jointly analyze solar thermal and photovoltaic components (as they are technologically distinct) this is a common approach in the literature on innovation in renewable energy technologies (Johnstone et al., 2010) . Furthermore, the sectorial breakdown of related trade analyzes often only distinguishes between research intensiveness of industries. Studies analyzing the carbon content of trade also only refer to dirty and clean industries, while refraining from a detailed technology specific or sectorial breakdown, as conducted in this study on the solar energy industry.
Nevertheless, focusing on solar energy technologies, as a subgroup of energy technologies, requires addressing data validity. One problem is that data might be inflated, as the products' environmental end use cannot be monitored, i.e. goods that are used for renewable energy systems and goods that might be used otherwise are traded under a common HS code and the renewable energy goods share under one HS code might vary between countries. However, the method used constructs the best available proxy for a cross time cross country analysis, as data is based on an international common methodology and product similarity can be assumed making the actual end use irrelevant.
General trade estimation parameter
The general gravity model, as outlined in Section 3, describes trade flows as a function proportional to general variables such as income, population, distance and language.
Therefore, exporting and importing countries' GDP (GDP it , GDP jt ) and populations (POP it , POP jt ) are included. In theory, the bilateral trade volume is positively related to a country's income, but countries with a larger population are expected to trade less as available resources and the domestic market size are expected to be positively correlated with population size (Frankel, 1997) . Furthermore, bilateral distance (DIST ij ), to control for trade reducing transportation costs, and common language (LANG ij ), controlling for trade promoting cultural proximity, are included. Data for these variables are retrieved from the World Bank World Development Indicators (2010) and from CEPII's Gravity Dataset (2010).
The effect of environmental regulation on exports
As noted, the empirical literature on the interaction between trade and environmental regulation remains ambiguous regarding support for either the Porter or the pollution haven
hypotheses. Yet again, according to the Porter hypothesis, stricter environmental regulation induces innovation that subsequently positively affects an economy's dynamic behavior and its international competitiveness.
Estimating the impact of environmental and renewable energy policy on specific exports with renewable energy technology it is necessary to:
(1) differentiate between input and output oriented measures of environmental stringency as the former are devoted to environmental protection while the latter reflect the results of regulation providing more accurate proxies of environmental policy strictness (van Beers and can den Bergh, 1997); and (2) differentiate between environmental regulation strictness in general and renewable energy supportiveness as the environmental regulation targets various policy fields but will not necessarily impact the renewable energy sector, which is, per se, assumed to be environmentally friendly and rather sensitive to specific sector regulation.
In However, this measure is quite broad and does not focus on renewable energy regulation in particular. Thus, studies using only broad environmental regulation measures for analyzing specific sectors, such as Constantini and Crespi (2008) , are likely to not capture the true effect of renewable energy regulation on exports from that specific sector.
Consequently, the share of solar electricity generation from total generation (SolarElect it ) is included ( Figure 3) as the sectorial focus is on solar energy technology components (SETC). guarantees, low-interest loans); (4) obligations (e.g. portfolio standards, targets and quota systems); (5) tax measures (e.g. accelerated depreciation); (6) tradable certificates; and (7) voluntary programs (IEA, 2004) . Although there is research measuring the strength of quota obligations (Yin and Powers, 2010) and feed-in-tariffs (Johnstone et al., 2010) , the lack of data and the heterogeneous character of the policies adopted by different countries does not facilitate cross country evaluation of regulatory stringency or renewable energy supportiveness for most of these policies. However, data concerning the public R&D budget for solar energy (RDSolar it ) is available and is included in this study as a continuous variable representing relative policy stringency. Johnstone, Haščič and Popp (2010) argue that countries with a higher public R&D budget are considered to be more committed to solar energy technology. The overview in Figure 4 outlines the R&D budget for solar energy difference between selected OECD countries. For the remaining renewable energy policies summarized in the IEA report Table 1 provides a representation of policy introduction in OECD countries for incentive tariff, renewable energy obligation and tradable certificate policies. For these policies, various binary dummy variables are constructed in order to measure the effect of policies on solar energy technology component exports from OECD countries. In general, the introduction of alternative energy policies aims at supporting the development of clean energy technologies in the national market. Yet, this argument can be extended as not only is the expansion of installed capacity supported, but indirectly the development of an adequate industry is also supported. Therefore, the estimation coefficients are expected to be positive.
Considering the arguments of the lead market literature, as outlined in Section 2, the presence of policies supporting renewable energy development might have limited explanatory power. The actual effect of regulation that is of interest in this context is the duration of the support policy. Utilizing the IEA report on "Renewable energy market and policy trends" and taking only the incentive tariffs, obligations and tradable certificates as the main policy instruments promoting renewable energies into consideration the duration of policies is controlled for as follows: Most countries started implementing renewable energy policies in the 1990s. The hypothesis tested, using this set of dummies, is that early introduction of renewable energy regulation will result in better export performance.
The role of barriers to trade and regulation in importing countries
Considering the limited SETC export flows from OECD countries to developing countries it is also of interest to explain the differences in importing these technologies. Therefore, the second hypothesis of this analysis is that receiving countries with a regulatory framework supporting renewable energies and with low trade barriers will have greater clean technology imports than countries without supportive frameworks and with higher trade barriers. We include control variables representing environmental regulation and renewable energy supportiveness in importing countries as well as applied import tariffs as these are elements neglected in the literature.
In line with the control for general environmental regulatory strictness in the exporting country, the same index, based on energy intensity (IndexEnvReg jt ), is constructed for the importing countries in the sample. However, the role of environmental regulation in this context is ambiguous from the theoretical perspective. One effect of enacting environmental regulation may be the induction of demand for a specific clean technology. This could cause additional imports because foreign producers may provide either better or cheaper technology. However, in line with the Porter hypothesis, more stringent environmental regulation may not necessarily increase, and might even reduce technology specific imports if they are provided by the home market.
As outlined, the environmental regulation index is an output oriented measure that is not technology specific. Consequently, proper analysis needs measures that focus on the specific sectors or technology. The control variable comparable to the share of solar electricity in exporting countries is the share of non-hydro renewable net electricity generation out of total net electricity generation (REelect jt ), also obtained from the EIA's International Energy Statistics (2011). Figure 5 suggests that the share of renewable electricity has increased steadily since 1996. Similar to the role of solar electricity share in exporting countries, the variable reflects the results of regulation targeting renewable energy supply expansion and thus the supportiveness of the regulatory system for solar energy. The coefficient is expected to be positive as only with strong renewable energy policies technology demand is generated which subsequently can be satisfied through imports. Further, more detailed data for this and for renewable regulation input oriented measures are not available for most importing countries in the sample. Studying the determinants of trade, an analysis of trade costs incorporating more than just distance variables should be conducted as tariff and non-tariff barriers may substantially inhibit trade. Consequently, the tariff level (Import Tariff jit ) applied to SETC is included as a control variable. By testing the impact of tariff levels this paper also contributes to international climate policy debate: Although international trade is identified as an important instrument for technology transfer (Grossman and Helpman, 1993) , as of 2011 WTO negotiations on environmental goods liberalization are deadlocked, while, at the same time, technology transfer remains a central issue in UNFCCC climate talks. As the average tariff, applied to OECD solar technology components imports varies over time, Figure 6 shows that import tariffs applied to SETC imports from OECD countries by non-OECD countries are substantially higher than tariffs applied by OECD countries. The general tendency however underlines that while exports of OECD countries increased significantly, the mean tariff applied by the sample's importing countries decreased substantially. The coefficient sign expected is negative as bilateral trade flows are higher when tariff levels are low as exporters face reduced trade costs. Data on the effective ad valorem tariff applied by the importing country j to solar technology component imports from i in percent of the import value in t is obtained from the UNCTAD TRAINS database (2010). In order to identify the tariffs applied to the specific solar technology component product group the HS coding system was utilized again as outlined in section 4.1. 
Results
The study estimates several specifications to determine the impact of environmental and renewable energy policy on SETC trade. Table 2 Exporting country income does not have a significant impact on solar energy technology exports. This may be explained by the fact that this paper focuses only on exports from high income OECD countries and that, subsequently, other factors characterize country differences and explain higher exports. Therefore, the impact of adding control variables of environmental regulation and renewable energy supportiveness in exporting and importing countries is presented in the following columns.
Models 2 to 5 present the results of the gravity model accounting for both environmental and renewable energy regulation. In models 2 and 3, output and input oriented measures for environmental regulation, both technology specific and general, are estimated jointly as there is no correlation between these in one period (Appendix 5).
However, the duration of input oriented policy instrument measures, such as incentive tariffs and renewable energy obligations schemes, could positively affect the share of renewable electricity generation. Consequently, models 4 and 5 estimate the duration of input oriented measures of renewable energy supportiveness separately from output oriented measures of renewable energy and environmental regulation. Model 3 and 5
extend the specification of model 2 and 4 to control for effects of environmental and renewable energy regulation as well as import tariffs in importing countries.
The results for models 2 and 3 support the weak version of the Porter hypothesis as these show that countries with a stronger regulatory system favoring renewable energy have an SETC export advantage versus countries with week or non-existent policies.
Countries spending more on solar energy technology research export more of the respective technology goods. The R&D budget for solar energy, used as a proxy for policy stringency, has a strong positive and significant effect showing that a one percent increase in the R&D budget increases solar energy technology exports by 6 percent. The estimated coefficient of the share of solar electricity generation (SolarElect it ), measuring the success of the regulatory system to support solar energy, shows a positive, although weak, impact on solar energy technology exports. However, the broader output oriented environmental regulation index (IndexEnvReg it ) is not statistically significant, regardless of model specification. Models 2 and 3 include incentive tariffs, obligations and tradable certificates, which are the major renewable energy support schemes in OECD countries. The coefficients on the policy dummies are not statistically significant; suggesting that the mere existence of renewable energy support policies is not relevant when OECD countries to the world exports are considered and the regulatory framework in importing countries is not respected (Model 2). Strong evidence supporting the Porter hypothesis is found, outlining that environmental regulation and a policy framework supportive of renewable energies are determinants of a strong export performance as countries more strongly committed to renewable energies export more SETCs than countries with weak or non-existent policies.
The results also support the lead market hypothesis as countries that introduced renewable energy regulation earlier have become the largest exporters of SETC.
Furthermore, the study shows that a strong renewable energy supporting policy framework in importing countries is also an important element for explaining trade flows.
Additionally, the analysis reveals that limited trade with SETCs, particularly between OECD and non-OECD countries, can be explained by high import tariffs in non-OECD countries as countries with low tariff barriers import more technology components. 
